During the solar minimum at the distance of 42-52 AU from the Sun, Voyager 2 observed recurrent sharp, shocklike increases in the solar wind speed that look very much like forward shocks (Lazarus et al.). The shocks were produced by corotating interaction regions (CIRs) that originated near the Sun. After the termination shock (TS) crossing in 2007, Voyager 2 entered the heliosheath and has been observing the plasma emanated during the recent solar minima. Measurements show high variable flow, but there were no shocks detected in the heliosheath. When CIR-driven shocks propagate to the outer heliosphere, their structure changes due to collision and merging processes of CIRs. In this Letter, we explore an effect of the merging of CIRs on the structure of CIR-associated shocks. We use a three-dimensional MHD model to study the outward propagation of the shocks with characteristics similar to those observed by Voyager 2 at ∼45 AU (Lazarus et al. 1999) . We show that due to merging of CIRs (1) reverse shocks disappear, (2) forward shocks become weaker due to interaction with rarefaction regions from preceding CIRs, and (3) forward shocks significantly weaken in the heliosheath. Merged CIRs produce compression regions in the heliosheath with small fluctuations of plasma parameters. Amplitudes of the fluctuations diminish as they propagate deeper in the sheath. We conclude that interaction of shocks and rarefaction regions could be one of the explanations, why shocks produced by CIRs are not observed in the heliosheath by Voyager 2 while they were frequently observed upstream the TS.
INTRODUCTION
During the minimum of solar activity, corotating interaction regions (CIRs) are the dominant dynamical structures in the solar wind and the main driver of the shocks in the heliosphere Burlaga et al. 1985; Smith & Wolfe 1976) . Formed within 5-10 AU from the Sun at the interface between high-and low-speed solar wind, CIRs are bounded by a pair of forward and reverse shocks. As CIRs propagate to the larger heliospheric distances, they expand, merge, and combine to form corotating merged interaction regions (CMIRs; Burlaga 1983; Burlaga et al. 2003) . During the solar minima in 1994-1997 Voyager 2 observed recurrent sharp, shock-like increases in the solar wind speed that look very much like forward shocks near the distance 42-52 AU from the Sun (Lazarus et al. 1999) . The shocks were weak with an increase of density by a factor of 1.5-2; the solar wind speed increased by 30-60 km s −1 . A sequence of observed recurrent shock-like structures is associated with CMIRs. Voyager 2 data near 45 AU showed signatures of forward shocks, but reverse shocks were almost absent.
After crossing the termination shock (TS) in 2007 (Richardson et al. 2008) , Voyager 2 has been measuring the heliosheath plasma that emanated during the recent solar minima. Since Voyager 2 observed shocks upstream of the TS during the previous solar minima, and a change of latitude of the spacecraft trajectory is small one should therefore expect to see shocks in the heliosheath. Observations have shown large amplitude fluctuations of the solar wind parameters and magnetic field (Richardson & Wang 2011; Burlaga et al. 2010) . Roelof et al. (2010) suggested that variations of intensity of energetic ions measured by LECP on Voyager 2 occurred due to CIRs perturbing the heliosheath. However, CIRs that are the well-known source of shocks in the heliosphere during the solar minimum did not produce shocks in the heliosheath (J. Richardson 2012, private conversation) . Some mechanisms in the outer heliosphere have to act and weaken the shocks significantly, so that they do not exist in the heliosheath. Previous studies suggested several effects that may change the structure of shocks in the outer heliosphere such as the weakening of shocks due to pickup ions (Zank & Pauls 1997) , and the deflection of CIR shocks to the high latitudes (Pizzo & Gosling 1994; Burlaga et al. 1997) .
Several works have been done on modeling the interaction of the solar wind shocks (forward and reverse) and a pair of shocks with the TS. One-dimensional gas-dynamic and MHD studies by Story & Zank (1995 and two-dimensional MHD studies by Baranov et al. (1996a Baranov et al. ( , 1996b and Baranov & Pushkar (2004) predicted the propagation of shocks downstream of the TS. Our recent study of the propagation of a large-scale disturbance driving a pair of forward and reverse shocks into the heliosheath showed that several shocks (fast forward and slow reverse shocks) propagate in the heliosheath (Provornikova et al. (2012) ).
Because of the Sun rotation CIRs produce radially aligned regions of fast and slow solar wind flows. A pair of forward and reverse shocks forms at the leading edge of the fast flow, and a rarefaction region, where solar wind speed gradually decreases, forms behind it Smith & Wolfe 1976) . Forward and reverse shocks of two adjacent CIRs move in the opposite directions (in the solar wind frame of reference), and neighboring CIRs merge, which affects the structure of shocks. In order to study the evolution of CIR-driven shocks in the outer heliosphere, one needs to take into account a process of merging of CIRs. Effects of CIRs on the global structure of the solar wind flow in the outer heliosphere were studied by Borovikov et al. (2012) . They showed that CIRs produce a complex plasma flow in the heliosphere, and different types of MHD waves propagate into the heliosheath due to CIRs.
In this Letter, we explore the effect of CIR merging on the local structure of CIR-driven shocks and their evolution in the outer heliosphere and in the heliosheath. To achieve this we use a three-dimensional MHD model of the solar wind interaction with the local interstellar medium (LISM; Opher et al. 2009 ), and consider a series of perturbations of the solar wind speed with the properties similar to those observed by Voyager 2 near 45 AU (Lazarus et al. 1999) . In Section 2, we briefly describe the model and boundary conditions. In Section 3, the results of numerical modeling are presented. Conclusions and discussion are given in Section 4.
DESCRIPTION OF THE MODEL
We use a three-dimensional MHD multi-fluid model of the solar wind interaction with the LISM, which includes interstellar hydrogen atoms interacting with plasma protons in a charge exchange process, effects of the solar and interstellar magnetic fields (Opher et al. 2009 ). For the interstellar hydrogen atoms a multi-fluid approximation is used. The model is based on the BATS-R-US code with a block-based adaptive grid ). Equations of ideal MHD for the plasma component with source terms due to the charge exchange coupled with the Euler equations for the hydrogen atoms are solved in a three-dimensional domain. The grid is Cartesian with a spherical inner boundary at 30 AU and an outer boundary x = ±1000 AU, y = ±1000 AU, z = ±1000 AU box. For the steady-state solution, parameters of the solar wind at 30 AU were chosen to match the values obtained by Izmodenov (2009) at 30 AU: V sw = 417 km s −1 , n sw = 8.74 × 10 −3 cm −3 , T sw = 1.087 × 10 5 K, and the Parker spiral magnetic field B sw = 7.17 × 10 −3 nT at the equator. For the interstellar plasma we assumed:
The number density of H atoms in the interstellar medium is n H LISM = 0.18 cm −3 ; the velocity and temperature are the same as for the interstellar plasma. We assumed that the interstellar magnetic field has a magnitude B LISM = 4.4 μG ) and the orientation is specified by angles α = 20
• and β = 60
• (Opher et al. 2009 ). This orientation reproduces the observed asymmetry of the TS in Voyager 1 and 2 directions.
In the present study, we aim to explore the effect of rarefaction waves on the structure of the shocks and assume that CIRs propagate into the heliosheath in the direction of Voyager 2's trajectory. Here, we ignore the deflection of CIR shocks to high latitudes. To capture the shocks in the simulation, a spatial grid was designed with a highly refined cone extending from 30 AU beyond the HP along the Voyager 2 direction with the resolution of 0.24 AU. The overall block-structured grid in the domain is non-uniform with cells ranging from scales of 0.24-31 AU at the outer boundary with number of cells ∼10
7 . To model the structure of the solar wind flow produced by CIRs, we assume the following boundary conditions for the solar wind plasma at the specific area of spherical inner boundary with angular size 30
• in θ and 30
• in φ around Voyager 2's direction (where θ and φ are the latitudinal and azimuthal angles, respectively, in the HGI coordinate system):
(1) Here T fast = 14 days is the duration of a fast flow T CR = 27 days is the period between recurrent increases of the solar wind speed according to the solar rotation period. Plasma density and temperature are assumed to be constant at the inner boundary. The step function V r (t) given by (1) specifies recurrent fast and slow solar wind flows (see Figure 1 ) that realistic CIRs produce in the heliosphere. Note that these boundary conditions produce discontinuities with normals aligned with the solar wind velocity vector (in our model, the tangential component of the solar wind velocity is zero in the frame of reference of the discontinuity compared to the realistic geometry of CIRs (Pizzo 1991) ). Therefore, shocks generated in our model are stronger than in reality, but, as will be shown below, even these shocks become essentially weakened in the outer heliosphere.
Each increase of the solar wind speed represents an arbitrary discontinuity, which evolves into a pair of forward and reverse shocks formed at the front of the high-speed flow. The decrease of the solar wind speed evolves into rarefaction regions extending behind the high-speed flow. In the solar wind frame of reference, the reverse shock and the leading boundary of the rarefaction region move toward each other. Eventually, the reverse shock propagates through the rarefaction region that affects the shock structure. Also, in the process of CIR merging, a forward shock of the following CIR propagates through a rarefaction region of the preceding CIR. This complex interaction changes the structure of the forward and reverse shocks associated with CIRs and will be described in the next section.
We performed a series of simulations with different amplitudes of increasing solar wind speed in order to consider the shocks with different strengths (within the range of shock strengths observed by Voyager 2 near 45 AU (Lazarus et al. 1999) ). Qualitatively, the process of CIR merging in all cases is the same. In this Letter, we present the results of a simulation when the solar wind speed was increased by factor of 1.4 (see expression (1)). Figure 2 shows the evolution of radial velocity perturbations in the solar wind upstream the TS. Panels show one-dimensional profiles of plasma density along the Voyager 2 direction in different moments of time. It can be seen that recurrent perturbations form a series of interaction regions, propagating to the outer heliosphere. By interaction region, here we mean a region formed at the front of a high-speed flow and bounded by a pair of forward and reverse shocks as can be seen in panel (a) in Figure 2 . The interaction region is characterized by the enhanced plasma density, thermal pressure, and magnetic field. Behind the highspeed region where radial velocity decreases to a low speed, rarefaction waves form (green in panel (a) of Figure 2 ). With an increase of the solar wind speed at the inner boundary by a factor of 1.4 in the high-speed regions compared to the slow regions, the strength of forward shocks is δ FS ≈ 1.6, and for the reverse shocks it is δ RS ≈ 1.4 at 40 AU from the Sun. At the forward shocks the solar wind speed changes are about 40-50 km s −1 when they pass the distance 40 AU. These shock strengths and speed jumps are qualitatively consistent with the properties of the forward shocks observed by Voyager 2 at 42-45 AU (Lazarus et al. 1999 ).
RESULTS

Interaction of Shocks with Rarefaction Regions
When interaction regions propagate outward from the Sun, the trailing reverse shocks weaken and disappear due to propagation through the rarefaction region behind the interaction regions (panel (b) in Figure 2 ). The simulation shows that interaction regions start merging near 45-50 AU, while merging a forward shock of the following interaction region propagates through a rarefaction region from the preceding interaction region. Regions of this interaction are shown in panels (c) and (d) in Figure 2 as green. This interaction weakens the shocks so that the strength of the forward shocks decreases by 20%-25% while interaction regions propagate from 40 AU to the TS. In reality, during the declining phase of the solar cycle CIR shock fronts are tilted with respect to the solar wind flow (Pizzo 1991; Pizzo & Gosling 1994) , which creates weaker shocks than in our model. That means that shocks would be weakened by rarefaction waves even more quickly.
In order to underline the role of rarefaction regions, we performed an additional simulation of the interaction of two pairs of shocks without the rarefaction region between them. To initiate a couple of pairs of shocks we increased the solar wind speed at the inner boundary by a factor of 1.2 in two steps; the second increase was performed 27 days after the first one. The results showed that when two pairs of shocks merge, the forward shock of preceding pair overtakes the forward shock of the leading pair, and merging produces a stronger forward shock. As shown above the presence of rarefaction regions in the solar wind significantly changes this scenario.
Interaction regions produce spatially extended regions with compressed plasma in the outer heliosphere with large amplitude fluctuations of the solar wind parameters. The model shows that near a distance of 40-50 AU from the Sun the density in the interaction regions may increase by 30%-80%, magnetic field by 70%-80%, velocity by 20%-30%, and temperature by 80%. When interaction regions merge and propagate toward the TS, the amplitudes of fluctuations decrease. Our results show that amplitudes of density fluctuations decrease by 30%, the magnetic field by 20%, temperature by 35%, and velocity by 10%. Burlaga (1983) and Burlaga et al. (2003) pointed out that the merging of CIRs results in the destruction of CIR structure and associated forward and reverse shocks. They showed that complex interaction of CIRs produces waves with aperiodic fluctuations of plasma parameters and the magnetic field in the outer heliosphere. Our results demonstrate that the interaction of CIR-associated shocks with rarefaction waves significantly changes the structure of the shocks, and this is an important process that determines the evolution of CIRs in the heliosphere. Figure 3 shows one-dimensional profiles of the solar wind density, velocity, pressure, and magnetic field along the Voyager 2 trajectory at the time when a series of interacting regions are propagating in the heliosheath. Results show that forward shocks exist in the region upstream of the TS, even though they are weakened due to interaction with the rarefaction waves. Interaction of weak forward shocks with the TS (which is a reverse shock in the solar wind frame) decreases the strength of both types of shocks since they are facing the opposite direction. As a result, forward shocks are strongly weakened in the downstream region of the TS. Figure 3 shows that interaction regions transmitted into the heliosheath produce waves with small fluctuations of the solar wind parameters and magnetic field that propagate with fast magnetosonic speed. Shocks are diminished during the merging process and interaction with the TS. Figure 4 presents two-dimensional distributions of plasma parameters and magnetic field in the meridional cut from a three-dimensional simulation showing propagation of fast magnetosonic waves in the heliosheath. The simulation shows that the magnetic field and density change by 10%-15%, solar wind speed by 50%, and temperature by 10% in the fluctuations within the distance of 20 AU from the TS. As the disturbances propagate deeper in the sheath toward the heliopause, amplitudes of fluctuations become smaller. Near the heliopause, the amplitude of the magnetic field fluctuations is about 5%; for the solar wind density, velocity, and temperature it is less than 10%.
Weakening of Shocks in the Heliosheath
CONCLUSIONS AND DISCUSSION
In this Letter, we explore an effect of CIR merging on the structure of CIRs and the strength of CIR-associated shocks in the outer heliosphere and heliosheath. Using a threedimensional MHD model of the solar wind interaction with the LISM we obtained the following results.
1. Reverse shocks associated with CIRs weaken and disappear due to interaction with rarefaction waves behind the CIRs in the solar wind. 2. When CIRs merge, an interaction of a forward shock from the following CIR with the rarefaction wave of the preceding CIR results in weakening the forward shock. 3. Interaction of forward shocks with the rarefaction waves in the merging process upstream of the TS and collision with the TS results in strong weakening of forward shocks in the heliosheath. 4. In the heliosheath, merged CIRs produce fast magnetosonic waves with fluctuations of the solar wind parameters and magnetic field. The amplitudes of fluctuations diminish while waves are propagating deeper in the sheath toward the heliopause.
The fact that Voyager 2 observed CIR-driven shocks near 42-52 AU from the Sun during the minimum of solar cycle 22 and did not observe shocks in the heliosheath during the recent solar minima may indicate that there is a mechanism that fundamentally affects the structure of the shocks in the outer heliosphere. Based on the results presented in this Letter, we propose that the interaction of shocks with rarefaction waves in the solar wind, which occur when CIRs merge, could be one of the mechanisms of the weakening of shocks.
